We investigated the effects of calcium supplementation and physical practice on the bone ultrasound properties and trabecular microarchitecture in children. 160 children aged 8-11 were randomly allocated to active or nonactive groups and to receive either a calcium-phosphate or a placebo powder for 6 months. Skeletal status was assessed using an ultrasound technique, which measures the speed of sound (Ad-SoS, m/s) at the phalanx. Bone microarchitecture was characterized by fractal analysis measured on calcaneus radiographs and the result expressed as the Hmean parameter, that has been shown to a good reliability of the bone texture quality. After 6 months, the calcium group had signifi cantly gained Ad-SoS compared to the placebo group (P = 0.01) and Hmean increase was greater in the active than the nonactive group (P < 0.05). Exercise and calcium supplementation had a differential effect on the bone tissue, calcium being rather linked to a systemic effect whereas exercise has acted better onto the skeletal stressed site.
. Moreover, studies dealing with calcium supplementation were done with an addition of calcium enriched food (6, 21) or calcium bicarbonate / citrate malate shape under commercial pill (21) . The derived-milk calcium foods are seldom used in such studies, although it has been shown that this form of milk-extracted calcium phosphate taken during the pubertal period can enhance the bone mass gain (6) .
Previous studies on bone in children are largely limited to methods such as dual-energy X-ray Absorptiometry (DXA) to assess BMC, and bone mineral density (BMD). This can explain the small number of subjects investigated in these studies, DXA being rather devoted to clinical practice and requiring availability from the children. Furthermore, in the literature there is a lack of qualitative studies evaluating the effects of exercise and/or calcium supplementation on trabecular microarchitecture. The properties of bone tissue are rarely investigated in spite of existing portable and nonexpensive devices like quantitative ultrasonic systems.
The aim of this study was therefore to investigate the different and combined effects of a daily calcium-phosphate supplementation and a regular physical practice on bone ultrasound properties and trabecular microarchitecture on boys and girls.
Methods

Study Design and Subjects
This randomized, placebo controlled trial concerning physical exercise (Sp) and calcium supplementation (Ca) interventions was conducted in boys and girls aged 8-11 who were from local schools in Oradea, Romania. All the subjects were Caucasian. The protocol was approved by the District School Department. Written informed consent was obtained from the children and their parents. Parents completed a lifestyle questionnaire for their child, which included items relating to previous and current medical status, use of medications, and past injuries. They also completed an activity questionnaire, which was used to determine current and past activity patterns. Assessed for eligibility were 191 subjects. Children who were already engaged in any sport competition were not included in the study. None of the children was known to have any illness, nor to take drugs known to affect bone metabolism.
At baseline, after the fi rst medical visit, 5 subjects were excluded because of obesity (2) and scoliosis (3) . Moreover, 5 subjects were involved in sport competition, and 21 refused to participate. The 160 remaining subjects were individually randomly assigned to either a calcium (Ca+) or placebo group (Ca-) and to active (Sp+) or nonactive (Sp-) group for six months. The initial cohort was comprised of four groups of 40 subjects each (intention-to-treat cohort: Sp+ Ca+; Sp+ Ca-; Sp-Ca+; Sp-Ca-).
Exercise Intervention
For the subjects of the active groups, we organized various physical exercises for 50 minutes, twice a week, over six months, in addition to their physical education classes. The program was the same for all the subjects. It consisted of a 10-min warm up (easy running, mobility exercises), followed by 30 min of work out (lower limb strengthening exercises, various games, comprising high impact running games, speed courses, slaloms, plyometric jumps, jumps over various obstacles, drop jumps, broad jumps, objects manipulations, gymnastic routines, climbing) and 10 min of cool down. For all the subjects, the program was conducted under the control of the same physical education teacher in his school. This additional program was administered after school, and during this time, the nonactive group carried on its normal occupation.
Calcium Supplementation
Powder bags containing either 800 mg of calcium phosphate extracted from milk or placebo (lactose) were provided by the Candia Research Institute (France). The 160 subjects were randomly allocated to either calcium supplement or placebo. These blinded packets had to be ingested on a daily basis for six months. The randomization of the treatment was made by drawing lots taking into account the active and nonactive groups (intention-to-treat cohort). Subjects were advised to consume the whole bag at any time of the day. Investigators of our laboratory were blinded to treatment assignment.
Calcium Intake
We estimated spontaneous calcium intake at baseline by a food frequency questionnaire (13) . Each questionnaire was administered individually and completed under the supervision of the dietician of our lab. The questionnaire evaluates the calcium content of the diet of an individual on the basis of 20 different types of food rich in calcium and/or frequently eaten. Comparison with a three-day estimated food record, chosen as a reference method, validated the self-questionnaire.
Compliance
Parents were asked to actively participate to the study. Subjects were encouraged to never forget the treatment, even during holiday periods. Members of the study staff met parents every month to supply the powder and to answer questions.
Families did not receive any special instruction regarding diet or physical activity, but were given instructions to insure the compliance of the treatment. Children and their parents were asked to inform the study staff of any signifi cant change (habits, illness, diet) that occurred during the study period. Compliance with the calcium supplementation was assessed through the monthly return of uneaten powder bags. Compliance with exercise intervention was assessed through the record of daily participation. Withdrawal from the study was done if the compliance concerning calcium supplementation or activity program were less than 75%.
Anthropometric Assessment
All the following tests and measurements were performed at baseline and six months after by the same technician. Body height was measured with a wall-mounted stadiometer, body mass was determined by using an electronic scale, and body mass index (BMI, Kg/m2) was calculated. These devices were daily calibrated.
Pubertal status was determined by a self assessment questionnaire using the Tannerʼs breast and pubic hair classifi cation for girls and the growth of testes, scrotum, and penis for boys (28) . The body composition was assessed from measurement of skinfolds thicknesses according to the method described by Durnin and Rahaman (12) , and using the specifi c pediatric equations proposed by Brook (7) . Skinfolds thicknesses were measured at the triceps, biceps, subscapular, and suprailiac sites using Harpenden callipers.
Measurements of Bone Parameters
Skeletal age was determined from left wrist and hand radiographs (16) by the paediatrician radiologist of our lab.
Ultrasound Measurement. The phalangeal osteosonogrammetry method used in this study (DBM Sonic Bone Profi ler, IGEA, Carpi, Italy) is a validated technique (17) , based on the transmission of ultrasound through the proximal phalanges (digits II-V). The probes are applied to the lateral surfaces of the fi nger. The coupling of the probes with the skin is mediated by gel. The device calculates the amplitudes-dependent speed of sound (Ad-SoS, in meters per second) by averaging the Ad-SoS values of the four fi ngers. The ultrasound bone profi le index (UBPI) is a compound parameter, resulting from the optimization of a logistic model for fracture discrimination. It expresses the probability of a fracture risk at the time when the evaluation is performed (36) .
The Ultrasound technique is able to give information on a systemic response of bone tissue and the phalanges are chosen because they are, like all long bones, sensitive to early changes in bone mineral metabolism (1, 18) . It has been shown that Ultrasound assessment of the phalanges correlates moderately with BMD of all skeletal sites (1) .
The precision of this technique was assessed in vivo by measuring AD-SoS in six children, two times on one day by the same operator with repositioning. The CV was 1.2 %.
Micro Architectural Assessment. Fractal analysis of texture was performed on calcaneus radiographs and the result expressed as the Hmean parameter. Fractal analysis is a texture analysis directly related to the fractal dimension based on the fractional Brownian model (5) . Hmean expresses the roughness of the texture and characterizes the self-similarity of the texture grey-level variations over different scales. This bone texture analysis is a method based on fractal mathematics. Applied to trabecular bone images on plain radiographs, this method can be considered as a refl ection of trabecular bone micro-architecture (5) .
Fractal analysis of calcaneus radiographs was performed following a standardized protocol. From the radiological numerical image, the region of interest (ROI) was defi ned by marking anatomic points that can easily be identifi ed on the calcaneus image. This ROI of 128 x 128 pixels was located in a part of calcaneus that contains only trabecular bone. This area was selected from the entire area of image by an application-dedicated software. This image analyzing technique has a reproducibility of 0.61% (intra-observer CV), 0.68% (inter-observer), and 2.07% (long term reproducibility) (5).
To take into account the anisotropy of the bone architecture transposed on the texture of the trabecular bone image, an oriented texture analysis was performed. For each direction studied, several lines with the same orientation were analyzed. This unidirectional evaluation was repeated in 36 directions. The fi nal result for an image, the Hmean, was the mean value of H obtained by averaging the results of the 36 directions. Owing to its stochastic nature, the grey level of lines in these directions was fi tted to a fractal model: the Fractional Brownian Motion (30) . For each direction studied, the Hurst component (H) was examined from the maximum likelihood estimator (9) . The estimation was obtained from the Fractional Brownian Motion. The fi nal result for an image, Hmean, is the mean value of H obtained by averaging the results of the 36 directions. The H exponent is related to the fractal dimension (D) by the relation H = 2-D (5).
Statistical Analyses
Prior to analyses, a Kolmogorov-Smirnov test was performed to assess the Gaussian distribution of the data. This study was analyzed using an intention-to-treat method. Means and standard deviations were calculated for physical characteristics and bone measurements. The association between the frequencies of the active and nonactive groups and the calcium and placebo groups was tested using a two-group chi-square test. A chi-square test was done to evaluate the gender and pubertal stage distribution in each group.
The analysis of variance (ANOVA) was used to examine the baseline differences between the calcium and placebo groups and active and nonactive groups for all anthropometrics characteristics, dietary calcium intake, and bone parameters. The bone characteristics and anthropometrics changes after 6 months were assessed by a 2 factors (exercise and calcium) analysis of covariance (ANCOVA) with repeated measures (baseline, 6 months) using the calcium intake at baseline as covariate. Adjusting for the calcium intake at baseline allows taking into account the effect of the spontaneous intake on bone status. The test checks for an interaction between the two factors. A post-hoc test (Newman-Keuls) was done to discriminate the differences between groups. Differences between groups were considered signifi cant at P < 0.05. Statistical treatment did not co-vary for baseline physical activity because all participants were sedentary. All tests were performed using the PCSM © software.
Results
All the data in the changes from pre to post intervention were normally distributed.
Cohorts Study
The Figure 1 shows the trial profi le of the study.
Intention-To-Treat Cohort. Among the 160 children initially enrolled, 153 had all the parameters measured at baseline and at 6 months (intention-to-treat cohort). Among the 7 subjects who declined to be examined at the end, 2 belonged to the Sp+Ca+group, 1 to the Sp+Ca-group, 4 to the Sp-Ca+ group, and none to the Sp-Ca-group.
Complier Cohort. During the follow up, 17 subjects withdrew from the 80 subjects randomized into active group (12 in the calcium group and 5 in the placebo group) and 19 withdrew from the non active group (10 in the calcium group and 9 in the placebo group). So, the complier cohort was composed of 28 subjects in the Sp+ Ca+ group, 35 subjects in the Sp+ Ca-group, 30 subjects in the Sp-Ca + group, 31 subjects in the Sp-Ca-group. At baseline there was no association between the frequencies of calcium/placebo and those of active/non active groups (chi-square = 0.12, P > 0.05).
The characteristics of the groups that entered the study are shown in Tables  1A and 1B . There were no differences between the calcium and placebo groups. The chronological age was higher in the active group but the bone age was similar.
The mean values were comparable in the complier cohort to those of the intentionto-treat cohort. There are now differences between Sp+Ca+, Sp+Ca-, Sp-Ca+, SpCa-groups regarding anthropometrical parameters, calcium intake ( Table 2 A and B), and bones parameters (Table 3 A and B). Sexual maturity assessment yielded at baseline 80.6% of the population being at prepubertal stage 1, 16.9% at stage 2, and 2.5% at stage 3. At the end of the experiment, 50.8% of the population was at prepubertal stage 1, 42.7% at stage 2, and 6.5% at stage 3. There was no difference between the distribution in Sp+ Ca+, Sp+ Ca-, Sp-Ca+, Sp-Ca-groups regarding pubertal stages (Chi-square = 6.3, P > 0.05).
At baseline, no difference was found between the calcium and placebo groups with respect to UBPI and Hmean for the complier cohort but the calcium subjects had higher Ad-SoS in the complier cohort and higher UBPI in the intention-to-treat cohort (Table 4A ). As shown in Table 4B nonactive subjects had higher Hmean at baseline.
Effect of Treatment and Physical Activity. The two-way ANCOVA with repeated measures analysis showed a trend of interactions (P = 0.05) between the two factors (treatment and physical training) for the intention-to-treat cohort and an interaction for the experimental cohort (P < 0.05). Therefore we did further analyses using one way ANCOVA with repeated measurements, taking into account either only the treatment or only the training. Tables 5 (A and B) show the results expressed as means change values of the anthropometrical, Ultrasound, and Hmean parameters and the changes in pubertal status during the intervention period. The changes in anthropometrical parameters were similar in the calcium and placebo groups (Table 5A ) and active and nonactive groups (Table 5B ). The Ad-SoS and UBPI changes were greater in the calcium group than the placebo group in the complier cohort only (Table 5A ). The Hmean increases were greater in the active group than the nonactive group in both the complier and intention-to-treat cohorts (Table 5B ). The changes in pubertal status was also similar between calcium and placebo groups (Chi-square = 3.2, P > 0.05) and active and nonactive groups (Chi-square = 0.9, P > 0.05). There was no statistical difference between calcium and placebo groups as regard Hmean change. No differences were fi nd between Sp+Ca+, Sp+Ca-, Sp-Ca+, Sp-Ca-groups regarding the changes in anthropometrical parameters and pubertal status (Table 6 A and B). As shown in Figure 2 , the Sp+Ca+ group had greater Hmean gain than others groups but the difference was only signifi cant between the Sp+Ca+ group and the Sp-Ca-group. Calcium Intake. There were no baseline differences between groups for daily calcium intake. All the groups had low calcium intake (683 ± 245 mg·day -1 ). The daily calcium intake was less than the requirements during adolescence (2). After 6 months, the calcium cohorts had an intake of 1579 ± 255 mg·day -1 (779 mg from the diet and 800 mg from the supplement) that was signifi cantly greater for the period of the study than the placebo group (733 ± 277 mg·day -1 , P < 0.0001).
Discussion
Results from the present study highlight the specifi c and synergistic effects of a regular physical program and a calcium supplementation on bone characteristics in young subjects. The statistical interaction between physical activity and calcium intake confi rms the complexity of the bone response to both mechanical stresses and calcium intake. The current study supports the hypothesis that calcium intake modifi es the bone response to physical activity in young children (33) . Existing studies have investigated the effects of exercise and calcium rather on bone mass and density than on bone properties. In the current study, we investigated both ultrasound bone properties and trabecular microarchitecture characterized by fractal texture analysis on radiograph. The limitations of this technique lie on the fact that trabecular bone tissue is a three-dimensional structure. Hmean parameter is calculated on a 2D radiographic image and uses a model to assess the bone architecture quality. But, this technique had been shown to refl ect the trabecular microarchitecture analyzed by histomorphometry (4), the fractal dimension being closely related to three-dimensional microarchitecture (29) . In addition, the bone ultrasound technique is based on the fact that the variation of acoustic properties is related with that of the micro structural properties. It has been suggested that the sound velocities are not so sensitive to microstructural changes that is also a limit of this technique. This fi eld of investigation explores bone quality rather than bone density aspects. Results from previous interventions of exercise and calcium have been restricted to the quantitative measures of bone mineral density (14) . Thus, the comparison of our results with such studies was diffi cult.
Physical practice and the calcium supplementation showed specifi c effects on bony tissue; the calcium appeared rather to induce a systemic effect, whereas exercise operated specifi cally onto the skeletal stressed sites. Of course investigating ultrasound at the calcaneus (weight bearing bone site) in addition to the phalanx (nonweight bearing site) would have strengthened our conclusion on these differential effects. Unfortunately, we did not have this possibility. The effect of calcium intake alone on bone health is controversial since studies have shown either positive relationships (26, 35) or no (22, 25) between bone density and calcium intake during childhood. These contradictory effects seem often dependent of the measured bone sites, the spontaneous calcium intake, and the nature of the supplement. It has been shown that only the subjects characterized by a low calcium intake can draw benefi t from calcium supplementation (8, 31) . In the present study, calcium supplementation had increased Ad-SoS and UBPI. It has also induced a trend to higher Hmean. This seems to refl ect a systemic effect of calcium supplementation on the bone properties such as density, elasticity, and organization of the tissue. Ad-SoS had been shown to not change signifi cantly between the ages of 6 and 9 years in girls or until the age of 10 years in boys. From the ages of 10 to 14 years, Ad-SoS values are higher in girls than in boys (15) . The age of the subjects analyzed and the lack of effect of training on ultrasound properties suggest that Ca supplementation is responsible for the greater increased of ADSoS and UBPI.
The results of this study also show that the training period has induced a higher Hmean on the calcaneus but no change on the bone ultrasound properties. There is a consensus today that weight-bearing or impact-loading exercises have benefi cial effects on bone density in children (11) , but the characteristics of these practices (frequency, period, intensity) are not well elucidated. It was expected that the subjects involved in physical practice would show higher Ad-SoS and UBPI than the nonactive group. The lack of change might be because the upper limbs were not enough stressed by the exercise protocol compared to the lower limbs, and therefore the phalanx have not been submitted to mechanical constraints. Therefore, the physical activity demonstrated a benefi cial effect on the skeletal sites submitted to impact loading forces, i.e., the lower limbs and especially the feet. The training in the present study was done with the children for 6 months. A longer period of training would probably have induced higher bone response in the subjects, but for local logistic reasons, it has not been possible to program the training for a longer duration. Our purpose was to study the effects of a regular and leisure physical practice in order to propose a program acceptable by a large group of children. One could also suggest that the moderate training proposed to the children was not intensive enough to result in an osteogenic effect. Nevertheless, the same positive effect observed in the intention-to-treat cohort seems to suggest that a low quantity of practice is enough to enhance the trabecular bone.
Due to the interaction between the two factors, it is complex to explain the combined effects of calcium and exercise. In this study, the Sp+Ca+ group displayed a signifi cant higher Hmean parameter. Such an interaction had already been observed in bone density investigations (10) . If a nutritional change such as calcium supplementation is supposed to increase the mineralization, the specifi c effect of physical activity remains debatable.
An in vitro study has reported signifi cant associations between ultrasound and geometry parameters of the compact bone of human fi nger phalanges (32) . The authors showed that quantitative ultrasound parameters are not only related to BMD but also to other skeletal properties, ultrasound velocity being affected by cortical area, cortical bone density, and cortical porosity. The gain in Ad-SoS resulting from the calcium supplementation in our study might be the consequence of a systemic impact of calcium upon the cortical bone, the change in Hmean being due to a greater sensitivity of trabecular bone response to the stress of exercise.
One possibility to explain the change in bone parameters is because height and body mass have increased, which is normal for this growing cohort. But the changes in anthropometrical parameters did not differ between groups, thus the infl uence on bone measures are similar.
The bone gain in children is enhanced by sexual maturation. In a twin study, Johnston et al. (21) showed that prepubertal subjects gained more mineralization than other subjects, whereas there was no dose-response effect for calcium intake. They explained these results with the high stimulation of sexual hormones activity rendering the effect of daily calcium intake relatively small. The subjects in the present study were in the early stages of Tanner (stages 1-3). During this period, the potential effect of hormonal variation remains minor, the peak mass of hormonal activity being reached at the stage 4. Moreover, the distribution of maturation stages within the groups was not different.
Because our population included both male and female subjects, a bias could have been induced. Nevertheless it has been shown that a potential gender effect might occur for the 2 years around peak velocity (3). The peak tissue velocity is closely related to the peak height velocity (19) . Therefore, the age range of our subjects suggests that a gender effect on the bone accretion is excluded.
The data of this double-blind placebo-controlled study suggest that a daily calcium-phosphate supplementation and a regular practice have induced positive effects on the ultrasound properties and trabecular microarchitecture in boys and girls.
In the literature, there is a lack of qualitative studies evaluating the effects of exercise and/or calcium supplementation on trabecular microarchitecture and ultrasound properties in spite of existing portable devices like quantitative ultrasonic systems. Calcium had a systemic effect especially on the cortical bone, physical exercise acting rather by specifi c local effect on the trabecular bone. These results are in agreement with Iuliano-Burns et al. (20) , who observed that gains in bone mass at loaded skeletal sites may be achieved when short bouts of moderate exercise are combined with increased dietary calcium, the former conferring region-specifi c effects and the latter producing generalized effects.
These benefi cial effects occurring during the years preceding the puberty indicate that physical activity and calcium intake should be encouraged during childhood in order to prevent the risk of fracture later in life. Moreover, because the calcium supplement was extracted from milk, it is possible the benefi cial effects on bone mass could be induced by simply changing the nutritional habits of active children.
